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capable of predicting cardiovascular mortality; 16 and the brachial -ankle pulse wave velocity is a simple predictor of prognosis in patients with acute coronary syndrome. 17 To understand the pulse in more detail, Fourier transform is often used to dissociate the plethysmographic waveform into a spectrum of various frequency components. The intensity and frequency components of the harmonics of the pulse should contain significant information on the health status of the subject. 2, [18] [19] [20] McDonald performed the first Fourier transform of arterial pulse and obtained 10-12 harmonics. 19, 21 He pointed out that the frequency of each harmonic was the multiple of the fundamental frequency, or heart rate. 19, 21 It was found that the physical conditions of the organ systems are related to specific Fourier components of the blood pressure pulse via their influence on the blood pressure wave propagation, and thus the blood distribution within the body. [22] [23] [24] Therefore, power spectral analysis of the plethysmographic waveforms is a useful method with which to assess the human cardiovascular system. 12 The autonomic nervous system controls almost all body functions and activities and its actions may influence the pulse. 2 However, only a few published studies have investigated the relationship between plethysmography waveform and autonomic nervous function. We hypothesize that autonomic nervous modulation can influence the bilateral pulse waveform of the patient, and that pathological changes in the blood vessels due to CAD or CABG surgery may modify the effect of autonomic nervous modulation on the plethysmographic waveform. To test these hypotheses, we examined the harmonics in the power spectra of both pulses in patients with CAD and those who have undergone CABG surgery for CAD, and attempted to find the relationship between the harmonics of the pulse spectrum and autonomic nervous modulation.
Methods

Study Subjects
Healthy subjects, patients with proven CAD, and CAD patients after CABG surgery were included in this study. Subjects who were on medication for cardiovascular disease were not included as part of the control group.
Patients who had CAD that have been confirmed by cardiac catheterization were recruited as the CAD group. Patients who had CAD and had undergone CABG 12 months or more prior to the study were recruited as the CABG group. Patients with the following conditions were excluded: valvular heart disease, atrial fibrillation, limb tremor, deformation of limbs or digits, and history of cerebral vascular accident. The Institutional Review Board of the Hospital approved the study, and written informed consent was given by every subject prior to plethysmographic waveform and electrocardiographic (ECG) recordings.
Spectral Analysis of Plethysmographic Waveform and ECG
All subjects were requested not to drink caffeinated beverages for at least 24 h prior to plethysmographic waveform and ECG recordings. The heart rate and blood pressures were measured using an automated blood pressure monitor (Omron R3, Omron Healthcare Co, Tokyo, Japan) with the cuff kept at the level of the heart and the subjects in the sitting position. A 10-min rest was routinely requested before plethysmographic waveform and ECG recordings. An IR Plethysmograph-Finger Clip (ADInstruments Inc, Australia) was used to acquire analog pulse signals from both index fingers simultaneously and continuously for 10 min. The Quad Bridge Amp and PowerLab/16SP Amplifier (ADInstruments Inc, Australia) were used to amplify the signals and PowerLab Chart 4.2 software was used to record the pulse signals. The sampling frequency for data acquisition was 400 Hz. The recorded data were transmitted immediately to a notebook computer for recording and subsequent off-line spectral analysis.
A total of 2 15 pulse signal data points (amounting to 81.92 s) from each index finger were used for power spectral analysis using fast Fourier transformation (Mathcad 11, Mathsoft Inc, Cambridge, MA, USA). The direct current component was excluded before power spectral analysis. The major peak located around the heart rate in the spectrum was identified as the fundamental frequency and termed the 1 st harmonic. Serial peaks located at multiples of the fundamental frequency were identified and termed the 2 nd , 3 rd …harmonics. Beyond the 8 th harmonic, the spectral peaks were too small to discern. Hence, only 8 harmonics were included in the statistical analysis.
The following terms and definitions were used in this study: Fk, the frequency at which the k th harmonic occurred; Hk, the area under the curve of the spectral peaks within the range from Fk -0.3 Hz to Fk +0.3 Hz; total power of pulse (TPp), the area under the spectral peaks within the entire range from zero Hz to the Nyquist frequency; normalized power of the k th harmonics (nHk = Hk/TPp); the power of the k th harmonic divided by TPp; and the right-toleft ratio of TPp (TPpR/L).
Spectral Heart Rate Variability (HRV) Analysis
The spectral HRV analysis used in this study has been described in previous studies. 25 In brief, power spectral analysis of 512 RR-intervals was performed using fast Fourier transformation. The area under the spectral peaks within the ranges of 0.01-0.4 Hz, 0.01-0.04 Hz, 0.04-0.15 Hz, and 0.15-0.4 Hz was defined as the total power (TP), very lowfrequency power (VLFP), low-frequency power (LFP) and high-frequency power (HFP), respectively. The normalized HFP (nHFP = HFP/TP) was used as the index of cardiac vagal modulation; the normalized LFP (nLFP = LFP/TP) as the index of sympathetic and vagal modulations; 26 the low-/ high-frequency power ratio (LHR = LFP/HFP) as the index of sympathovagal balance; 27 and the normalized VLFP (nVLFP =VLFP/TP) as the index of renin -angiotensinaldosterone modulation and vagal withdrawal. 28 
Statistical Analyses
The analysis of variance on ranks (SigmaStat 3.0 statistical software, SPSS Inc, Chicago, IL, USA) was used to compare the general data, TPp, individual powers of the harmonics, and TPpR/L among the 3 groups. Significant differences were further analyzed by pair-wise comparison using Dunn's test. Categorical data were analyzed using Fisher's exact test. The Wilcoxon signed rank test was used to compare the individual powers of harmonics of the left and right pulses. The relationships between individual powers of harmonics and HRV measures were examined by correlation analysis. A p<0.05 was considered statistically significant.
Results
Clinical Characteristics of the Patients
There were 26 subjects in the control group (69.0±8.3 years), 15 patients in the CAD group (66.5±11.3 years), and 24 patients in the CABG group (69.8±9.6 years). The baseline characteristics, clinical history and medications of the 3 groups are summarized in Table 1 . Both the body mass index (BMI) of the CABG patients and the pulse pressure (PP) of the CAD patients were significantly higher than that of the controls. Most of the CAD patients who had undergone CABG surgery had severe 3-vessel CAD. Some CAD and CABG patients had co-morbidities of hypertension, diabetes, and hyperlipidemia. No significant difference in medication was found between the CAD and CABG patients.
Spectral Analysis of the Plethysmographic Waveform
As shown in Fig 1, the amplitude of the plethysmographic waveform recorded from the left index finger of a representative CABG patient was higher than in either the CAD patient or control subject. The power spectra of the corresponding plethysmographic waveforms are also shown in Fig 1. The TPp of the left pulse in the CABG patient was higher than that of either the control subject or CAD patient. Although the absolute power of the harmonics of the pulses in the CABG patient was higher than that of the control or CAD patient, the normalized power of the harmonics of the pulses was of similar magnitude for all 3 representative subjects.
The TPp of the right pulse was significantly larger than the left pulse in the controls and CABG patients, and was nearly significantly larger in the CAD patients (p=0.064; Fig 2A) . In addition, the TPp of the left pulse in the CABG patients was significantly larger than that of the controls. The TPpR/L had a tendency to decrease in CAD and CABG patients, as compared with the controls, and this decrease was nearly significant (p=0.063; Fig 2B) .
Comparison Among 3 Groups of Subjects
The normalized power of the harmonics of the left pulse in all 3 groups of subjects did not significantly differ (Fig 3A) , the exception being that the nH4 of the left pulse in CABG patients was significantly smaller than that of the CAD patients. However, the nH1 of the right pulse in the CABG patients was significantly larger than that of the CAD patients, whereas the nH3 and nH4 of the right pulse in the CABG patients was significantly smaller than their counterparts in the CAD patients.
Comparison of Left and Right Pulses
The normalized power of the harmonics of the left and right pulses in the 3 groups of subjects was compared (Fig 3B) . In the control group it was nearly the same but for slight differences in nH5 and nH6; however, in the CABG group, the nH1 of the right pulse was significantly greater than that of the left pulse, and the nH2 of the right pulse was significantly smaller than that of the left pulse. Table 2 shows the correlation coefficients between spectral HRV measures and the normalized power of the harmonics of both pulses in the 3 groups of subjects. The TPp and the normalized power of the 1 st , 3 rd, and 4 th harmonics of both pulses did not correlate significantly with HRV measures (data not shown). In the control group, the nH2, nH5 and nH8 of the left pulse and the nH7 and nH8 of the right pulse correlated significantly with standard deviation of RR interval (SDRR). In addtion, the nH5 and nH6 of the right pulse correlated significantly with nLFP. In the CAD group, we found the following correlations: the nH7 of the left pulse correlated significantly with SDRR, nVLFP and nHFP; the nH7 of the right pulse correlated significantly with SDRR; the nH2 of the right pulse and nH8 of the left pulse correlated significantly with nVLFP; and nH8 of the right pulse correlated significantly with nHFP. In the CABG group, however, no significant correlation between the normalized power of individual harmonics and HRV measures could be found.
Correlation Between Measures of Pulse Spectrum and HRV
Discussion
Clinical Characteristics of the Patients
CAD is a complex and heterogeneous disease 29 that is the leading cause of cardiovascular mortality worldwide, so prevention and targeting risk factors for CAD could potentially reduce its impact. 30 It is known that obesity is a strong risk factor for the development of CAD, 29, 31, 32 and elevated PP is increasingly being recognized as a risk factor of CAD. 33 In accordance with those findings, we found that the BMI of CABG patients was significantly higher than that of controls, and that the PP of CAD patients was significantly greater than that of controls. Thus, increased BMI and high PP are indeed risk factors of CAD.
In this study, the 3 groups of subjects had similar height, but the CABG group had the highest average body weight. Thus, CABG patients had the largest BMI, and the BMI of the CABG patients was significantly larger than that of the controls. This is conceivable because 58.3% (14/24) of the CABG patients had 3-vessel disease, whereas only 46.7% (7/15) of the CAD patients had 3-vessel disease (Table 1) . In other words, the larger BMI in CABG patients might be related to the more severe atherosclerosis of the blood vessels in these patients.
The greater PP in CAD patients than that of the controls was caused by higher systolic blood pressure in these patients, as compared with the control group. The diastolic pressure was similar, however, between these 2 groups. Arteriosclerosis and the subsequently stiffer blood vessels might be the reason why CAD patients had similar diastolic blood pressure, higher systolic blood pressure, and there- fore greater PP. It seems that the CABG surgery may have modified arterial blood pressure so that the PP of the CABG patients was not significantly greater than that of the controls whereas the PP of the CAD patients was significantly higher.
TPp and Blood Flow Resistance
In biomedical signal analysis, the energy of a signal x(t) is spread out over a longer duration. The signal x(t) may be seen as the distribution of the amplitude of a certain variable over the time axis and the square of the signal, x 2 (t), may be interpreted as the instantaneous energy of the signalgenerating process. 34 In accordance with this theory, the TPp defined in the present study can be used as an index of the instantaneous energy of the cardiovascular system, 21 and the power of individual harmonic may be interpreted as the energy of the cardiovascular system at that particular frequency. Therefore, the TPp might be related to the resistance of the blood vessels to blood flow. In this study, we found that the TP of the left pulses was significantly increased in CABG patients and nearly significantly increased in CAD patients. Increased resistance to blood flow caused by the pathological changes in the blood vessels because of CAD might account for this increase in TPp of both CAD and CABG patients.
Right-to-Left Asymmetry in the TPp
The messages carried in the arterial pulse waves are claimed to be asymmetric. In fact, this has been the basis of pulse diagnosis in traditional Oriental medicine. In 1985, Dai et al 35 found that the radial artery force waves did change in response to the flow disturbance caused by a 2-min occlusion of the blood flow at the right or left tibial artery, and that an occlusion of the right leg could reduce the force level in both radial arteries, more so in the right radial artery than in the left.
In this study, we found that the TP of the right pulse was significantly higher than that of the left pulse in both controls and CABG patients, and nearly significantly higher in the CAD patients. Furthermore, the decrease in the TPpR/L was nearly significant (p=0.063) in both CAD and CABG patients, as compared with the controls. Our findings confirm to some degree the right-to-left asymmetry in the pulse diagnosis used in Oriental medicine. The higher TPp for the right pulse in the 3 groups of subjects might be caused by greater resistance because of the less direct arterial pathway from the heart to the right index finger, as a result of the sharp branching angle between the innominate artery and the aortic arch, than that from the heart to the left index finger.
If the right-to-left asymmetry in the TPp of the control group is be a normal phenomenon, then the decrease in the right-to-left asymmetry in TPp might be related to a change in the structure of the blood vessels because of CAD. The pathological change in the coronary and systemic blood vessels might be responsible for the observed decrease in the right-to-left asymmetry in the TPp of both CAD and CABG patients.
Normalized Powers of Individual Harmonics
Wang et al 36 found that the intensity of frequency moduli C2 and C3 (corresponding to H3 and H4 in this study) fell in patients with myocardial infarction on their arrival at the emergency room, and then gradually increased, whereas the average pulse energy (frequency moduli C0, corresponding to H1 in this study) decreased simultaneously with stable recovery from acute myocardial infarction. The change in the effective renal plasma flow was found to exert an influence on the frequency moduli C2 and C3 of the power spectra of the radial pulses after heart attack. This suggests that the aorta and closely related organs may cause coupled oscillation or resonance. 24, 36 In the presents study, we found that CAD and CABG surgery could change not only TPp but also normalized the power of individual harmonics. Our findings suggest that cardiovascular disease might redistribute the energy in the cardiovascular system such that high-frequency oscillations are reduced while low-frequency oscillations are increased and in addition, an increase in TPp. By using the resonance theory of Wang et al, 24 the changes in the power spectrum of the plethysmographic waveform observed in this study might be caused by changes in coupled oscillation, which was in turn caused by changes in the effective plasma flow to various organs supplied by the aorta. The pathological changes in the blood vessels because of CAD and CABG might play a role in changing the effective plasma flow.
Pulse Spectrum and HRV Measures
Several individual harmonics correlated with some of the HRV measures in both the control and CAD groups, but not in the CABG group. This observation suggests that the plethysmographic waveform of the pulse is modulated by the autonomic nervous system in both those groups, but not in the CABG group. CABG surgery may have altered the effect of autonomic nervous modulation on the pulse waveforms.
Study Limitations
The number of cases in this study was small when taking into account the diversity and variability in the health and disease states of the individuals participating. If the number of cases could be increased, perhaps more differences in the harmonics of the pulse wave could be found. The medications used by the CAD and CABG patients might have some effects on the pulse waveform when compared with the control subjects who took no medication. It would not be ethical to request the CAD and CABG patients to discontinue their medication for the sole purpose of this study. Therefore, the possible confounding effect of medication of the patients on their pulse waveform is another limitation.
Conclusion
Power spectral analysis of the plethysmographic waveform may be used to detect changes in the arterial pulse waveform in CAD patients before and after CABG surgery. The increase in the TP of both pulses, the shift of the normalized power of harmonics from high-frequency to lowfrequency, and the decrease in the right-to-left ratio of the TP of both pulses were 3 major changes observed in the power spectra of the pulses of CAD and CABG patients. The plethysmographic waveform of normal controls and CAD patients may be modulated by the autonomic nervous system, and CABG surgery may diminish the effect of this on the pulse waveforms. Further studies are needed to explore the clinical usefulness and significance of the changes in individual harmonics in patients with cardiovascular diseases.
